Abstract. The Younger Dryas is the most well-documented millennial-scale cooling event of the Quaternary, but the mechanisms responsible for its initiation remain elusive. Here we use a recently revised chronology for the GISP2 ice core ion dataset to identify a large volcanic sulphur spike coincident with both the sulphur-rich Laacher See volcanic eruption and the onset of Younger Dryas-related cooling (GS-1) in Greenland. Lake sediment and stalagmite records confirm that the 10 eruption's timing was indistinguishable from the onset of cooling across the North Atlantic, but that it preceded westerly wind repositioning over central Europe by ~200 years. We suggest that the initial short-lived volcanic sulphate aerosol cooling was amplified by oceanic circulation shifts or sea ice expansion, gradually cooling the North Atlantic region and incrementally shifting the mid-latitude westerlies to the south. The aerosol-related cooling probably only lasted 2-4 years, and the majority of Younger Dryas-related cooling was instead due to this positive feedback, which was particularly 15 effective during the intermediate ice volume conditions characteristic of ~13 ka BP. We conclude that the large and sulphurrich Laacher See eruption should be considered a viable trigger for the Younger Dryas.
contemporaneous with the LSE's timing based on i) independent Ar-Ar dates for the eruption and ii) layer counting from the Vedde Ash within NGRIP ( Figure 4) ; we therefore ascribe this sulphate spike to the Laacher See eruption. The coincidence between this sulphate spike, the LSE, and the onset of North Atlantic cooling associated with the YD is striking.
twice the magnitude and injected up to nine times the amount of sulphur into the stratosphere as the 1991 AD Pinatubo eruption (Baales et al., 2002; Schmincke, 2004) . The Pinatubo eruption cooled surface temperatures by 0.5°C globally, and up to 4°C over Greenland, Europe, and parts of North America, for two years following the eruption (Schmincke, 2004) .
Existing models suggest that the LSE created a sulphate aerosol veil wrapping around the high northern latitudes (Graf and 170 Timmreck, 2001) (Figure 2) . The model suggests that NH summer temperatures dropped by 0.4°C during the first summer following the eruption, though it assumes that the eruption released substantially less sulphur than current maximum estimates (15 versus 150 megatons) (Graf and Timmreck, 2001) , so actual aerosol-induced cooling may far exceed these estimates. It does not seem unreasonable that an eruption of this size, sulphur content, and geographic location could have catalysed a NH cooling event. 175
The nature of the positive feedback
Volcanogenic sulphate aerosols typically settle out of the atmosphere within five years; aerosol-induced cooling alone therefore cannot explain the YD's extended duration. We suggest that the LSE initiated North Atlantic cooling, which consequently triggered a positive feedback as proposed for earlier Greenland stadials (Baldini et al., 2015a) . Existing 180 evidence strongly suggests that North Atlantic sea ice extent increased (Bakke et al., 2009; Baldini et al., 2015b; Broecker, 2006b ) and AMOC weakened (Broecker, 2006b; McManus et al., 2004) immediately after the GS-1 onset, and therefore both could have provided a powerful feedback. The feedback may have resided entirely in the North Atlantic, and involved sea ice expansion, AMOC weakening, and increased albedo, as previously suggested within the context of meltwater forcing (Broecker et al., 2010) . Alternatively, hemispherically asymmetrical volcanic sulphate loadings may have induced ITCZ 185 migration away from the hemisphere of the eruption (Ridley et al., 2015; Hwang et al., 2013) , and these ITCZ shifts may have forced wholesale shifts in atmospheric circulation cells. Within the context of GS-1, LSE-related NH cooling could have shifted the ITCZ to the south, thereby expanding the NH Polar Cell and shifting the NH Polar Front to the south. Sea ice tracked the southward shifted Polar Front, resulting in more NH cooling, a weakened AMOC, and a further southward shift in global atmospheric circulation cells. Such a scenario is consistent with recent results based on tree ring radiocarbon 190 measurements suggesting that GS-1 was not caused exclusively by long-term AMOC weakening, but instead was forced by NH Polar Cell expansion and southward NH Polar Front migration (Hogg et al., 2016) .
Our hypothesis that the YD was triggered by the LSE and amplified by a positive feedback is further supported by modelling results suggesting that a combination of a moderate negative radiative cooling, AMOC weakening, and altered atmospheric 195 circulation best explain the YD (Renssen et al., 2015) . Furthermore, AMOC consists of both thermohaline and wind-driven components, and atmospheric circulation changes can therefore dramatically affect oceanic advection of warm water to the North Atlantic. Recent modelling suggests that reduced wind stress can immediately weaken AMOC, encouraging southward sea ice expansion and promoting cooling (Yang et al., 2016) this by demonstrating that westerly winds strength over the North Atlantic partially modulates AMOC (Delworth et al., 2016) . However, despite increasingly tangible evidence that eruptions trigger atmospheric circulation shifts that can subsequently affect AMOC strength and sea ice extent, the exact nature of any positive feedback is still unclear. Future research should prioritize the identification and characterisation of this elusive, but potentially commonplace, feedback that amplifies otherwise subtle NH temperature shifts. 205
Sensitivity to ice volume
Magnitude 6 (M6) eruptions are large but not rare; for example, over the last two thousand years, twelve M6 or larger eruptions occurred, but none produced a cooling event as pronounced as the YD. Abrupt millennial scale climate change is characteristic of glacial intervals, and the forcing responsible only appears to operate during intervals when large ice sheets 210 are present. The lack of large-scale and prolonged climate response to external forcing over the Holocene implies either the absence of the forcing (e.g., lack of large meltwater pulses) or a reduced sensitivity to a temporally persistent forcing (e.g., volcanism). The subdued climate response to volcanic eruptions over the recent past could reflect low ice volume conditions and the absence (or muting) of the requisite positive feedback mechanism. However, millennial-scale climate change was also notably absent during the Last Glacial Maximum (~20-30 ka BP), implying that very large ice sheets also discourage 215 millennial-scale climate shifts. The apparent high sensitivity of the climate system to millennial-scale climate change during times of intermediate ice volume is well documented (e.g., Zhang et al., 2014) .
Here, we examine the timing of Greenland Stadials relative to ice volume (estimated using Red Sea sea level (Siddall et al., 2003) ). The timings of 55 stadial initiations as compiled in the INTIMATE initiative (Rasmussen et al., 2014) during a short interval from 11.8-13.7 ka BP, and optimal conditions were centred around 13.0 ka BP ( Figure 5 ).
Additionally, a frequency distribution of the sea level change rate associated with each stadial indicates that whatever mechanism is responsible for triggering a stadial operates irrespective of whether sea level (i.e., ice volume) is increasing or decreasing (Figure 5b ). Because active ice sheet growth should not promote meltwater pulses, this observation seemingly argues against meltwater pulses as the sole trigger for initiating stadials, 230
Comparison with the climate response to the Toba supereruption
It is useful to compare the LSE to another well-dated Quaternary eruption occurring under different background conditions. The magnitude >8 Toba supereruption occurred approximately ~74 ka BP, and, was the largest eruption of the Quaternary Other large sulphate spikes exist in the GISP2 sulphate record, and in fact the two spikes at 12.6 ka BP and 13.03 ka BP are both larger than the potential LSE sulphate spike. A large eruption of Nevado de Toluca, Mexico, is dated at 12.45 ± 0.35 ka 275 BP (Arce et al., 2003) , and could correspond to the large sulphate spike at 12.6 ka BP within the GISP2 ice core. The eruption was approximately the same size as the LSE, so the lack of climate cooling may reflect a different climate response due to the eruption's latitude, which caused a more even distribution of aerosols across both hemispheres, or a lower sulphur load. The 12.6 ka BP sulphate spike is associated with a short but dramatic cooling; therefore the lack of long-term cooling may simply reflect the fact that temperatures had already reached the lowest values possible under the insolation and carbon 280 dioxide baseline conditions characteristic of that time. The sulphate spike at 13.03 ka BP is likely related to the small eruption of Hekla (Iceland) (Muschitiello et al., 2017; Mortensen et al., 2005) , which deposited sulphate in the nearby Greenland ice but was climatologically insignificant.
Conclusions 285
We suggest that the ~12.9 ka BP Laacher See volcanic eruption may have contributed to GS-1 cooling and the atmospheric reorganisation associated with the YD event. Recent revisions to the chronological framework of key European climate archives now suggest that the onset of GS-1 related North Atlantic cooling occurred simultaneously with the LSE. Notably, we have identified a large volcanic sulphur spike within the GISP2 ion data (Zielinski et al., 1997) This is also consistent with observations that YD-like events were not unique to the last deglaciation, but existed during 300 older deglaciations as well (Broecker et al., 2010) . At least one high-latitude M6 eruption likely occurred during most deglacial intervals. GS-1 and earlier stadials may therefore reflect the convergence of a large, sulphate-rich high latitude NH (Zielinski et al., 1997; Sternai et al., 2016) , introducing the intriguing possibility that eruptions such as the LSE were not randomly distributed geographically and temporally, but 305 instead were intrinsically linked to deglaciation.
More research is necessary to better characterize the sensitivity of Last Glacial climate to volcanic eruption latitude, sulphur content, and magnitude. Accurate dating of other large volcanic eruptions during intermediate ice volume conditions is key to testing the link between volcanism and Greenland stadials; this information could eventually also support, or refute, the 
